The cardiac electrical field produced by the depolarization of the ventricles of a human heart was simulated with a computer, and the results were presented as isopotential maps. Computations were first done with the heart theoretically immersed in an infinite homogeneous medium and then with it located inside a homogeneous human torso. The principal feature of the model was that only the cardiac regions actually engaged in the depolarization generated an electrical current. Owing to their thinness, these regions could be reduced to the surfaces separating active and inactive cardiac zones at a definite instant. The surfaces used were the isochronal surfaces published by Durrer et al. for the pattern of ventricular excitation in a human heart.
• Numerous dipolar or multidipolar models of the cardiac electrical field have been built. These dipolar models have often been used to study the influence of the dipole position, the boundaries, or the inhomogeneities of the conducting medium. However, the isopotential thoracic maps exhibit nondipolar distributions during some intervals of the cardiac cycle, and the assumption of a dipolar generator is not valid in the vicinity of the heart (1) (2) (3) (4) (5) . In most multidipolar models (6) (7) (8) (9) (10) (11) , the heart is divided into tiny volumes and each volume is replaced by a dipole activated more or less precisely according to a postulated sequence of activation.
The present model, limited to the depolarization of the human ventricle, has the following characteristics. First, the electrical current originates only from the regions engaged in depolarization. These regions, corresponding to the rise of the action potential, have a thin width of about 1 mm and can thus be reduced to the activation surfaces which separate the active and inactive cardiac zones at a definite instant. Second, the assumption is made that current flows perpendicularly and with the same strength at each point on the surfaces.
With the preceding assumptions, the electrical sources located along the activation surfaces can be replaced by an electromotive homogeneous double layer. Furthermore, in the present model, the heart is theoretically embedded in a homogeneous conducting medium. The potential produced at a point in an infinite homogeneous medium can be computed by the solid-angle method (12) . Accordingly, it depends not on the actual shape of the cardiac activation surfaces but only on their intersections at each instant with the boundaries of the heart, i.e., with the epicardium and the right and left ventricular cavities. This property remains valid when the conducting medium is limited by the thorax, since potential values thus computed are modified only by the geometrical factors of the limiting surface (13) .
The activation surfaces used in the model are those for the human ventricles published by Durrer et al. (14) for each 5 msec during cardiac systole. An isopotential mapping representation was chosen to display conveniently the electrical field. 
Method
To facilitate the realization of the mathematical simulation, a physical model based on data published by Durrer and co-workers (14) was made with 16 sheets of Plexiglas, on which were drawn eight vertical and eight horizontal sections of human ventricles. Supplementary unpublished drawings were supplied by these authors to increase the accuracy of the model. Closed loops made with iron wires represented the intersections of the activation surfaces with the epicardium and the endocardium for each 5 msec of ventricular activation. Each individual loop could be replaced by a series of straight segments, so it could be spanned by a triangulated surface oriented according to the direction of activation, as required by doublelayer theory. The coordinates of the apexes of the triangles were picked up with a curve-follower system (Matra-Strand) linked to an analog-digital converter and then fed to the computer (Univac 1107) in an order consistent with the orientation of the surface.
In the infinite medium, relative potential units were chosen so that the instantaneous potential at a point was given as the algebraic sum of the solid angles by which these triangles were seen from the point. The contribution of each triangle was computed by the formula used by Barnard et al. (15) . The sign depended on whether the point was in the positive or the negative half space determined by the plane of the oriented triangle. Computations were done on a theoretical cylinder surrounding the heart and paralleling its base apex axis ( Fig. 1, top left) . The radius of the heart model was approximately 5.0 cm, and the radius and height of the cylinder were 5.5 cm (nearly tangent to the base) and 14.0 cm, respectively. The base and the apex of the heart were located, respectively, at 1.8 cm from the top and the bottom of the cylinder. Potential values were computed at 1,029 points uniformly distributed on the cylinder surface.
In the case of the limited medium, a full-scale model of a human thorax, made of 16 horizontal sheets of rubber 2.5 cm high, was used to take into account the geometry of the limiting surface; 534 quadrangular segments, 2.5 cm on a side, were drawn on it. In the same way, 69 segments were drawn on the sections for the two arms, neck, and abdomen. The set of the resulting 603 segments constituted a closed surface. The heart model defined earlier was placed theoretically inside this volume oriented ( Fig. 1 , H, S, and F) according to its anatomical position in normal middle-aged men (16) . The potential at the center of gravity of each segment was computed by an iteration •method starting with the infinite-medium solution, as shown in the appendix.
Isopotential lines, first on the unfolded cylinder, then on each anterior and posterior orthogonal view of the torso, were drawn automatically by an X-Y Benson plotter after interpolation for continuity between points.
Results
The isopotential maps on the cylinder and the torso at four representative instants-20, 30, 40, and 50 msec after the beginning of ventricular activation-are reproduced on Figures 2-5. Areas of positive potential are white, and those of negative potential are black. The term maximum (or minimum) indicates a point on the map where the potential is higher (or lower) than it is at the surrounding points but does not necessarily imply a positive (or negative) value.
At the beginning of activation (20 msec, Fig. 2) , the maps show a dipolar field with its maximum facing the left anterior ventricular region. On the cylinder, the minimum is left posterior, whereas it is shifted in front of the apex on the thorax.
At 30 msec ( Fig. 3 ), the features of the cylindrical and thoracic maps are very similar. A large minimum stands in the posterior zone, but the preceding anterior maximum is split in two by the appearance of two new minimums. The largest minimum faces the right anterior ventricular region at the middle height of the heart, Record 20 msec after the beginning of ventricular activation. Record 40 msec after the beginning of ventricular activation. The explanation for this figure is the same as that for Figure 2 and the other (with a negative value of-0.12 on the cylinder and a slightly positive value of +0.02 on the torso) faces the left anterior ventricular region. Later (40 msec, Fig. 4 ), both maps exhibit two minimums with a maximum in between (-1.78, +0.88, -0.13 on the cylinder; -2.27, +2.09, -0.26 on the thorax); this configuration, mainly posterior on the cylinder, is shifted anteriorly on the chest surface. Three supplementary maximums, two anterobasal (+0.63 and +0.78) and one lower (+1.30), on the cylinder have been leveled off on the thorax.
At 50 msec ( Fig. 5 ), the zero isopotential line becomes roughly perpendicular to the heart axis and divides the map in two parts. On the cylinder, the two preceding anterobasal maximums are always seen, but they have two minimums facing them. These maximums and minimums merge on the anterior thoracic surface giving one maximum (+0.77) and one minimum (-2.47). One other maximum faces the left lateral ventricular wall on the cylinder (its value is +0.15) and the right lateral ventricular wall on the thorax (its value is+0.88).
Discussion
The precise interpretation of the cardiac electrical field, as recorded on human or animal torsos, is not straightforward, because numerous factors which influence it are not known exactly. For instance, accurate knowledge of the cardiac activation process is of fundamental importance, but in most cases it cannot be determined in the same heart; individual variability of activation is not negligible. Other factors are also of importance, such as the geometry of the thorax and the position of the heart. On the other hand, models allow a given activation geometry to be related without ambiguity to the electrical field it generates, since the influence of the preceding factors can be isolated by a step-by-step procedure. Such an intermediate step is depicted in the present work, in so far as the maps on the cylinder surrounding the heart in the infinite medium depend only on the activation geometry. Furthermore, it is easy to isolate (when necessary for a more accurate understanding) the activity of a specific cardiac area-for instance the right or left ventricle-from the whole electrical activity (technical difficulties and injury currents make the corresponding experiments difficult to do on animals). However, any model is built around a certain number of assumptions. In the present case, the necessary hypotheses concerning the uniform intensity and the direction of the current perpendicular to the activation surfaces represent simplifying assumptions, but they are classical ones (17) . The same is true of the assumption of homogeneity of the thoracic medium.
In the discussion of this model, the main features of the maps will be related to activation of the heart. Then a comparison with experiments will be used to evaluate the realism of the model.
RELATION BETWEEN SIMULATED MAPS AND CARDIAC ACTIVATION
At 20 msec (Fig. 2) after the beginning of ventricular activation, the activity in the upper half of the heart (planes 2-4 of Durrer et al. [14] ) spreads outward from the left ventricular cavity toward the left anterior area, accounting for the maximum and the opposite minimum on the cylinder. From middle heart to apex (planes 5-8), the left ventricular activation front is twisted to an anteroposterior direction; owing to the position of the heart in the thorax, the activation of the cardiac apical regions plays a predominant role in the map configuration on the anterior chest. This fact explains the shift of the minimum forward from its posterior position on the cylinder.
At 30 msec (Fig. 3) , the complexity of the field on the cylinder with numerous minimums and maximums can be easily explained if the model is used to separate the electrical activity generated by different zones of the heart. Figure 6 shows the field produced on the cylinder by the right ventricular wall alone and by the left ventricle together with the septum. Only the middle region of the right ventricular wall (planes 4-6) is depolarized, and the activation wave breaks into two parts, one roughly propagating toward the anterior epicardial surface and the other to the posterior one. This phenomenon results in a right ventricular map with two maximums (+0.44 and +0.21) and a minimum (-0.77) in between; this configuration is visible on the total cylinder map (+0.47, +0.41, and -0.69) and the anterior thoracic one (+0.38, +0.72 and -1.51) of Figure 3 . The activation surface in the left ventricular wall and the septum is almost closed around the cavity, except near the base (planes 2 and 3) and the apex (plane 8); 725 50 ms FIGURE 5 Record 50 msec after the beginning of ventricular activation. For further explanation see the legend to Figure 4 . Isopotential map on the cylindrical surface at 30 msec computed from the activation surfaces located, respectively, in the right ventricle (RV) and the left ventricle (LV) together with the septum. The values of the isopotential lines are the same as those in Figure 2. consequently, for the left ventricle, the basal and apical zones alone contribute to the electrical field by virtue of solid angle (closed activation surfaces give no potential differences). However, a small depolarized epicardial area appears in the lower half of the left ventricle (plane 6) and is responsible for the anterior minimum (-0.28) observed on the left ventricular map of Figure 6 . This minimum is present on the total cylinder map (-0.12) and the anterior thoracic one (with a minimum of positive value +0.02) of Figure 3 .
The similarity of the field on the thorax and the cylinder results because the apical cardiac region does not generate any significant field at this instant; only a little bump on the +0.16 equipotential line in front of the apex seems to be due to a small depolarized posterior endocardial area in the left ventricle (plane 8).
At 40 msec ( Fig. 4) , in the superior half of the heart (planes 2 and 3) the depolarization has reached the ventricular left epicardium, and in the middle heart (planes 4-6) it has reached the totality of the anterior epicardium. This fact explains the large anterior negative area twisted from the upper left to the lower right on the cylindrical surface. The basal activation (planes 1 and 2) spreads in two anterior directions, accounting for the two anterobasal maximums (+0.63 and +0.78) on the cylinder. The two lower maximums (+1.30 and +0.88) result from the propagation of activation in the two ventricles laterally leftward and rightward (planes 4-6).
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Near the apex (plane 8) the activation surfaces are localized in the posterior part of the left ventricle and septum; an epicardial breakthrough is responsible for the posterior minimum (-0.13).
On the torso, however, the situation is reversed owing to the position of the heart: planes 7 and 8 are close to the anterior chest with a part of the activation surfaces pointing anteriorly so that a maximum (+2.09) appears at the cardiac apex with no minimum in the back. This maximum splits the anterior negative region (coming from planes 2-6 as it does on the cylinder) in two parts, producing two minimums, one in the middle heart (-2.27) and the other just under the apex (-0.26). The basal and middle heart activation fronts are too far away from the chest to give rise to any maximum, but still the basal anterior equipotential lines remain parallel to the cardiac base as they do on the cylindrical map.
At 50 msec (Fig. 5 ), the ventricles are almost completely depolarized. Activity propagating in the basal right ventricular and septal regions (planes 1-3) is responsible for the positive upper zone of the maps. In the apical regions, a lateral activation surface in the left ventricle (planes 6 and 7) produces a low apical maximum (+0.15) on the cylindrical map, and a lateral activation surface in the right ventricle (planes 7 and 8) gives the anterior maximum (+0.88) on the chest, again by a vicinity effect. The fusion on the anterior thoracic surface of the two basal maximums and minimums of the cylindrical map probably results because of the greater distance from the cardiac base to the torso.
COMPARISON OF SIMULATED AND EXPERIMENTAL MAPS
In the case of the cylinder, the heart is supposed to be immersed in a homogeneous medium of infinite extent; therefore, only experiments with isolated normal human hearts in large tanks are suitable for comparison. We could find no published results concerning the electrical field generated by the human heart under such conditions. Only maps related to die activation of the dog heart appear to be available. Experimental maps given by Taccardi and Marchetti (18) on a cylindrical surface around an isolated dog heart correlate well with the results from the present model, although the experimental maps are simpler, as might be expected Configuration characteristics of the experimental potential distribution at the end of the first third of the activation. 1: From Taccardi (1). 2: From Spach et al. (2) . a = anterior thoracic surface and p = posterior thoracic surface.
due to the greater distance from the heart to the recording electrodes. The similarity of the activation of the human heart to that of the dog heart, as reported by Scher and Young (19) , explains this finding.
Precise comparison between simulated and real human thoracic maps is very difficult, owing to differences in the position of the heart, the thoracic shape, or the activation pattern and to such technical conditions as the density of measuring points, the size of electrodes, and the instant of potential measurement in the cardiac cycle.
At the beginning of activation, the distribution of potentials in the simulated and the real maps is dipolar with an anterior maximum. However, the computed minimum does not lie posteriorly but, as noted in some rare cases by Taccardi (1) , in an anterior position. At 30 msec, the very characteristic features of a real map ( Fig. 7) appear in the simulated one: two mini-mums with a "saddle" in between, as described by Taccardi (1) , are seen, and they are related to right ventricular epicardial breakthrough of the activation. The areas of higher potential shape two "pseudopods" around the minimum, as noted by Spach et al. (2) . The computed map exhibits a third minimum (of positive value +0.02) at the left of the sternal minimum.
Later, the simulation shows a supplementary minimum (at 40 msec) or a maximum (at 50 msec) at the cardiac apex. The maximum located by Taccardi (1) Thus, there is good correlation between simulated and real maps during the first half of activation; some discrepancies appear during the second half, as would be expected because of the considerable variation among the real maps themselves (2) .
In conclusion, this model relating cardiac activity to the potential it produces may be very useful for studying the factors influencing the cardiac electrical field, such as the position of the heart or the shape of the human thorax. It allows the activity of different cardiac regions to be isolated; thus, the correlation between the potential field and the intracardiac generators can be established exactly. The model should provide better understanding of the genesis of normal or pathological cardiac electrical fields.
Appendix
The potentials on the limiting surface (divided into N segments) of a closed homogeneous volume are related to the internal charges by the equation given by Barr et al. (13) .
1/20,+ (1)

J=i.j*i
where <f>, is the potential value at the center of the i th segment of the surface, Afl 0 is the solid angle of the j * segment when it is viewed from the center of the » th segment, and 0 ( <o) represents the potential at the center of the t" 1 segment due to the sources when the medium is homogeneous and infinite.
This set of N equations ensures that the potential field inside the volume satisfies the condition of no current flow through the limiting surface or the equivalent condition that the isopotential surfaces are orthogonal to the limiting surface. The set of equation is valid only if the limiting surface is closed; therefore, it should not be applied on a torso alone without taking into account the whole body. In fact, the head, arms, and legs, owing to their diameter and distance from the heart, are almost equipotential volumes in contrast to the chest which shows considerable potential variation. This fact permits the assumption that no current flows through the shoulder, neck, and abdominal sections, so that they can be treated mathematically in the same way as the real limits.
The solution of the set of equations by matrix inversion is not practically feasible when N is large. Solution is carried out by iteration. The initial values of the unknown <f>j are set equal to <f>/ 0) , and the equations are solved for <£, (1) ; at each step 0/ B> is computed from the preceding 4>j in~1} . The following results (Fig.  8 ) illustrate the rate of convergence of the iterative process at a point on the anterior torso surface near the heart 40 msec after the beginning of the depolarization. Successive values for <f> are given at the first 15 iterations; the amplitude of the potential gradient on the surface (E t ) and that of the potential gradient normal to the surface (E n ) are estimated at each step. $, E t , and E n converge monotonically after the second iteration; however, E n crosses the zero line at the sixth iteration and seems to converge to a slightly Convergence of iteration on a thoracic point. <j> -potential value, E t = potential gradient along the thorax x 1G 2 , E n = potential gradient normal to the thorax X 10 2 , and N| = number of iterations.
Circulation Research. Vol. XXXIV, May 1974
MODEL OF CARDIAC POTENTIAL DISTRIBUTION
729
negative value. This fact results because E n is an estimate of the normal potential gradient computed as the difference of the potential values at two points 1 mm apart.
The isopotential torso maps given in the text were computed after eight iterations as a compromise between accuracy and computing time.
